Earthquakes-Rattling the Earth's Plumbing System Responses in water wells
Water-level fluctuations caused by the 1964 magnitude(M) 8.5 Alaska earthquake were recorded in 716 wells in the United States (Vorhis, 1966) ; the earthquake also was registered on water-level recorders in many other countries. Responses of water levels in wells to earthquakes are influenced by such factors as the magnitude and depth of the earthquake, distance from the epicenter, and the hydrogeologic environment, which may be consolidated rock, unconsolidated sediment, karst, or hydrothermally altered. The depth of the well, whether the aquifer is confined or unconfined, and well construction also influence the degree of water-level fluctuations in wells in response to seismic waves. Some aquifers may act as resonators, which may amplify the response.
The most common type of observed ground-water response is an instantaneous water-level offset, or step, which may be either an increase or a decrease and may occur near or far from the epicenter. Recovery to the pre-earthquake water level can be so rapid that no change will be detected if the water level is measured infrequently, or it may take as long as days or months. Steps can be large enough to make a well flow at land surface, or render it dry. The 1998 M5.2 Pymatuning earthquake in northwestern Pennsylvania caused about 120 local household-supply wells to go dry within 3 months after the earthquake (Fleeger and others, 1999) . The 2002 M7.9 Denali Fault earthquake in Alaska caused a 2-foot waterlevel rise in a well in Wisconsin, more than a thousand miles from the epicenter.
The other type of ground-water response is a water-level oscillation, which occurs more often, but is less commonly recorded. In the few cases where oscillations have been recorded, they resemble long-period seismograms, known as hydroseismograms. A well in Grants Pass, Oregon, is instrumented to record water levels at 1-second intervals, and the record from the Denali Fault earthquake shows peak-topeak seismic oscillations of more than 4 feet and a permanent offset of 0.4 feet.
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Hydrogeologic responses to earthquakes have been known for decades, and have occurred both close to, and thousands of miles from earthquake epicenters. Water wells have become turbid, dry or begun flowing, discharge of springs and ground water to streams has increased and new springs have formed, and well and surfacewater quality have become degraded as a result of earthquakes. Earthquakes affect our Earth's intricate plumbing system-whether you live near the notoriously active San Andreas Fault in California, or far from active faults in Florida, an earthquake near or far can affect you and the water resources you depend on. This petroleum seep in the Ojai Valley, California developed as a direct result of the 1994 Northridge earthquake in southern California. Notice the oil has not yet spread far and grass blades can be seen standing through the crude oil. The photo was taken a few days after the earthquake. Streamflow may continue to increase for a few days and then gradually decline toward the pre-earthquake baseline condition for several months. Water flowing in a stream can come from overland flow or from ground water discharging into the streambed (baseflow). An abrupt increase in streamflow without precipitation or upstream reservoir release indicates increased contributions from the ground-water system. A coseismic (at the time the seismic wave train arrives) discharge increase of approximately 40 percent was recorded in Santa Paula Creek, California, 35 miles WNW., of the 1994 M6.7 Northridge, California earthquake epicenter (Quilty and others, 1995) , and increased discharges were measured at numerous sites in the California Coast Range in response to the 1989 M7.1 Loma Prieta, California earthquake (Rojstaczer and Wolf, 1992) . The appearance of new seeps and springs and turbidity in streams also are common. Following the Northridge earthquake, a new oil seep began flowing in the Northern Ojai Valley (Stephen P. Mulqueen, Department of Conservation, Division of Oil, Gas, and Geothermal Resources, oral commun., 2003) .
Responses

Precursory responses
Many preseismic or precursory hydrogeologic responses have been reported, but in most cases, documentation has not been sufficient to convince the scientific community of their predictive value or to rule out explanations unrelated to earthquakes. Some investigators believe earthquakes cannot be predicted (Geller and others, 1997) , whereas others believe that while earthquake prediction is difficult because of the youthfulness of seismic research and the limited number of case studies to investigate, prediction will not forever be impossible (Wyss, 2001) . Roeloffs (1996) states "The documentation of a few of these reports [of precursory hydrogeologic changes] is now approaching levels that require them to be given scientific credibility." Water levels and chemical data seem to be the best documented precursory signals to date, and are monitored in several countries as potential indicators of an impending earthquake.
Japan has some of the best documented occurrences of precursory hydrogeological changes, preceding both the 1978 M6.8 Izu-Oshima earthquake (Oki and Hiraga, 1979; 1987) , and the more recent, disastrous 1995 M7.2 Kobe earthquake (Tsunogai and Wakita, 1995) . Before either or both of these events, water-level changes occurred in many wells, and there appeared to have been precursory changes in ground-water temperature, radon, chloride, and sulfate concentrations, as well as dissolved gas ratios in mineral springs (Igarashi and others, 1995; Sugisaki and others, 1996) . The preseismic changes in chloride and sulfate content of the Kobe event were reconstructed by analyzing dated, bottled ground water that is distributed in the domestic market. The well-documented and similar hydrogeologic precursors at Izu-Oshima and Kobe have motivated the Japanese government to continue water-level monitoring at more than 30 wells in seismically active areas (Tsukuda and others, 2000) . The suggestion of precursory hydrogeologic changes is tantalizing, because the ultimate goal of most earthquake research is to reduce the hazard posed by major events, and providing some warning of impending activity would be very useful in that regard.
Hazards related to hydrogeologic responses
Hydrogeologic responses to earthquakes can create a variety of hazards. Water supply may be disrupted if wells go dry or become too turbid to pump, and infrastructure damage may result from ground motion. After the 1992 M7.3 Landers, California earthquake, bubbles of gas (carbon dioxide-enriched air) appeared in water from several San Bernardino, California, supply wells, clogging and disabling the filtration system (Roeloffs and others, 1995) . Hydrogeologic responses that cause wells to flow or streamflow to increase may cause flooding, landslides, erosion, and other related problems. Water quality also may be adversely affected by increased discharge, turbidity, or hydrogeochemical changes. Following the Landers earthquake, a pre-existing oil and natural gas seep in Tapo Canyon became more active, eventually flowing into and polluting the Santa Clara River (Roeloffs and others, 1995) .
Water-quantity and quality changes following an earthquake can adversely affect sensitive ecosystems, harming the plants and animals that live there. The endangered Devilʼs Hole pupfish (Cyprinodon diabolis) has lived for thousands of years in only one pool in Ash Meadows, Nevada, spawning on a single 6 x 13 foot shelf just below the water surface. In 1978, an earthquake in Mexico caused such violent water-level oscillations in Devilʼs Hole that algae was scoured from Known hydrogeologic responses most often occur as the seismic wave train arrives (coseismic) or sometime thereafter (postseismic); evidence of precursory (preseismic) hydrogeologic changes is becoming more compelling, but additional scientific investigation is needed to explain these phenomena.
Water levels in wells respond to the seismic-wave induced expansion and contraction of the aquifer tapped by the well, in turn causing step or oscillatory fluid-pressure changes. If flow in the wellaquifer system is fast enough, then these pressure changes cause flow into and out of the well, which sets up resonant motion of the water column, and the result is the seldom-recorded water-level oscillation. The more commonly recorded water-level offsets have been measured both near and far from earthquake epicenters. Offsets are expected in the 'near field', or static strain field, of an earthquake because the earthquake subjects the earth's crust, including its aquifer systems, to stress and permanent strain (deformation). This deformation process results in altered fluid pressure within the aquifer systems, and consequently, a steplike change in water level would be expected (Quilty and others, 1995; Roeloffs and others, 1995) . The earthquake-induced water-level decline in well 9N/10W-36J1 is the expected response for an extensionally strained region (Roeloffs and others, 1995) . Providing that the water-level response to strain is known, this relation allows scientists to use the earthquake response of water levels in favorably located and designed wells to measure strain, and also to calculate otherwise difficult-to-measure hydrologic properties of the aquifer. At distances of hundreds or thousands of miles, the offset can often be directly related to the amount of deformation produced by movement on the earthquake fault (Roeloffs, 1988) .
Mechanisms for Hydrogeologic Responses to Earthquakes
Possible mechanisms for responses are variable. For upward steps in shallow wells, compaction of overlying alluvium such as occurs during liquefaction may be the mechanism producing the offset (Roeloffs, 1998) . Fluid-pressure declines also can be caused by the escape of small amounts of exsolved gas from pore spaces in response to seismic waves. In a fractured rock environment such as northwestern Pennsylvania where the Pymatuning earthquake occurred, permeability may be altered due to the unclogging, widening, or narrowing of a fracture, or the creation of new fractures (Fleeger and others, 1999) . Similarly, an increase in co-and postseismic ground-water discharge at the surface through a spring, seep, or stream, can be caused by an increase in vent or fracture conductance (Muir-Wood and King, 1993) , or an increase in the subsurface fluid pressure or permeability in the formation (Rojstaczer and Wolf, 1992; Roeloffs and others, 1995) . The earthquake-induced increased discharge in Santa Paula spring is the expected response for a contractionally strained region (Roeloffs and others, 1995) . For a brief review of streamflow and water well responses to earthquakes and discussion of potential mechanisms see Montgomery and Manga (2003) .
